Processive movements of unconventional myosins on actin filaments generally require motor dimerization. A commonly accepted myosin dimerization mechanism is via formation of a parallel coiled-coil dimer by a stretch of amino acid residues immediately carboxyl-terminal to the motor's lever-arm domain. Here, we discover that the predicted coiled-coil region of myosin X forms a highly stable, antiparallel coiled-coil dimer (anti-CC). Disruption of the anti-CC either by single-point mutations or by replacement of the anti-CC with a parallel coiled coil with a similar length compromised the filopodial induction activity of myosin X. We further show that the anti-CC and the single α-helical domain of myosin X are connected by a semirigid helical linker. The anti-CC-mediated dimerization may enable myosin X to walk on both single and bundled actin filaments.
Processive movements of unconventional myosins on actin filaments generally require motor dimerization. A commonly accepted myosin dimerization mechanism is via formation of a parallel coiled-coil dimer by a stretch of amino acid residues immediately carboxyl-terminal to the motor's lever-arm domain. Here, we discover that the predicted coiled-coil region of myosin X forms a highly stable, antiparallel coiled-coil dimer (anti-CC). Disruption of the anti-CC either by single-point mutations or by replacement of the anti-CC with a parallel coiled coil with a similar length compromised the filopodial induction activity of myosin X. We further show that the anti-CC and the single α-helical domain of myosin X are connected by a semirigid helical linker. The anti-CC-mediated dimerization may enable myosin X to walk on both single and bundled actin filaments.
Myo10 | molecular motor | filopodial growth M yosins are actin-based molecular motors that play essential roles in numerous cellular processes, including cell growth and migration, cell cycle regulation, and mechanotransduction. Many of these processes involve the myosin-mediated transport of proteins, nucleic acids, and cellular organelles along actin filaments. In most cases, processive movement of a myosin along actin filaments requires its dimerization. A number of myosins, including muscle myosin II and unconventional myosins V, VI, VII, X, and XVIII contain predicted coiled-coil domains C-terminal to their lever arms (Fig. S1 ). It is widely believed that these coiled-coil domains dimerize in parallel, positioning the motor heads of the dimer side-by-side on single actin filaments (1) (2) (3) (4) (5) (6) . In this prevailing model, the parallel dimerization allows the proper transduction of the mechanic forces generated by ATP hydrolysis and is thus necessary for the "walking" of myosins along actin filaments (1-6). However, the parallel coiled-coil dimerization model has been directly demonstrated only in myosin II and V (7, 8) . Instead of coiled-coil-mediated dimerization, certain unconventional myosins have been shown to undergo cargo bindingmediated dimerization (9, 10) . It is possible that the coiled-coil region interactions and cargo binding function synergistically in modulating the dimerization of some myosins.
Filopodia, organelles that function as antenna for cells to communicate with their surroundings, are enriched with bundled actin filaments. Myosin X (Myo10) has been found to localize at the tips of filopodia and is required for their formation (11) (12) (13) (14) . Myo10 contains an N-terminal motor head and three IQ motifs, followed by a predicted coiled-coil domain and a tail region with three PH domains and a MyTH4-FERM tandem (Fig. 1A) . Both in vitro single-molecule-based experiments and in vivo near single-molecule imaging assays have shown that Myo10 is capable of processive movements along actin filaments; thus it is expected that Myo10 can dimerize (15, 16) . Additionally, the role that Myo10 plays in filopodial induction suggests that it may function as a bundled actin filament-selective motor (17, 18) . However, neither Myo10's supposed coiled-coil dimerization nor its selectivity for bundled actin is well substantiated. A fragment consisting of the first 35 residues of the predicted coiled coil has been shown to form a stable single α-helix (SAH), which may function to extend the lever arm of the motor (19); it is not clear whether the remaining ∼100 residues of the coiled coil can mediate dimer formation (20) .
In this work, we show that a 50-residue fragment C-terminal to the SAH of Myo10 forms a stable, antiparallel coiled-coil dimer. This antiparallel coiled coil (anti-CC) is connected to SAH by a semirigid α-helix. Replacing the antiparallel coiled-coil dimer of Myo10 with a stable parallel coiled-coil dimer of similar length compromises filopodia formation, showing that the antiparallel coiled-coil dimer is absolutely required for Myo10's role in filopodial induction. We propose that the antiparallel coiled-coil dimerization of Myo10 allows it to walk in a straddled, duck-like manner with relatively small step size on bundled actin filaments, in addition to the canonical hand-over-hand manner for single filaments.
Results

Identification of a Minimal Region Responsible for Myo10 Dimer
Formation. The predicted coiled-coil region of Myo10 contains ∼150 residues (aa 813-962) immediately C-terminal to its IQ motifs ( Fig. 1 A and B) . The first 35-residues (aa 813-847) of this predicted coiled coil have been shown to form a monomeric SAH (19) , and we confirmed this observation using sedimentation velocity analysis (Fig. 1C) . Interestingly, the entire predicted coiled coil (aa 813-934) was found to form a dimer, and a smaller 52-residue fragment (aa 883-934) lacking the SAH region also formed a dimer (Fig. 1C) . Using sedimentation equilibrium analysis, we showed that this 52-residue fragment (aa 883-934) is the minimal dimer formation region of the predicted coiled coil, as extensions of this fragment at both termini did not significantly alter dimerization strength (Fig. 1D) . The dissociation constant (K d ) of this fragment is ∼0.6 μM ( Fig. 1D and Fig.  S2 ), indicating that concentrated Myo10 in filopodia is capable of forming dimers.
To provide direct evidence that the 52-residue fragment (aa 883-934) represents the entire dimerization region of the Myo10 coiled coil, we compared the NMR spectra of three overlapping fragments of Myo10 (i.e., aa 813-934/SAH/anti-CC, 883-934/ anti-CC, and 883-962/anti-CC-962). We found that the signals arising from residues 883-934 in the three samples can be nicely overlapped with each other (Fig. 1E) , indicating that this 52-residue fragment adopts the same conformation in all three constructs (i.e., the 52-residue fragment is necessary and sufficient for the dimer formation). NMR-based analysis further shows that a stretch of conserved residues C-terminal to 934 in the 883-962 construct are unstructured ( (Fig. S3) , indicating that the domain forms a well-folded, symmetric dimer. The solution structure of the dimer was determined to a high resolution using NMR spectroscopy ( Fig. 2 and Table 1 ; also see SI Materials and Methods for the strategies used for the structure determination). Unexpectedly, the first 28 residues of the dimerization domain (aa 883-910) formed a long α-helix (αA) that interacts with the corresponding α-helix from another molecule to form an anti-CC that is 47 Å in length. The C-terminal 14 residues of the domain form another α-helix (αB), and the two α-helices form a perpendicular α-helical corner connected by a two-residue linker (Leu911 and Thr912, Fig. 2 ). The αB helix makes extensive contact with the N-terminal of αA on the other molecule, and thus αB is expected to be critical for the stability of the Myo10 dimer.
The dimerization of the Myo10 CC is mediated by both hydrophobic and charge-charge interactions. The amino acids at the center of αA show a characteristic heptad repeat pattern with hydrophobic residues located in the a and d positions and charged residues in the e and g positions (Figs. 1B and 3A). The highly conserved hydrophobic residues, including Ile890, Leu893, Ile897, and Leu900 at the a/d positions of the two αA helices, form an extensive hydrophobic interface in which their aliphatic side chains interact with each other in a "knobs-into-holes" manner ( Fig. 3 D and E). Numerous long-distance NOEs are detected between the side chain of Lys904 and those of Glu894, Ile890, Leu893, and Ile897 (Fig. 3C ).These residues are located more than 10 Å apart within the same molecule of this 52-residue fragment and thus are too far apart to generate intramolecular NOEs (Fig. S4 ). These definitive, long-distance intermolecular NOEs reveal that the dimer must be antiparallel. A pair of interhelical salt bridges formed between Glu894 and Lys904 at the two ends of the anti-CC further stabilizes dimer formation. Additionally, the aliphatic portion of the Lys904 side chain intimately interacts with Ile890, Leu893, and Ile897 from the neighboring αA and Leu900 on the same helix (Fig. 3B) . Thus, Lys904 is expected to be critical for the stability of the Myo10 anti-CC dimer. Consistent with this analysis, single substitution of either Leu893 with Gln or Lys904 with Ala completely abolished Myo10 dimerization (Fig. 3F) .
Numerous NOEs were detected between the side chain of Leu919, Arg922 in αB, and those of Val887 at the N-terminal end of αA (Fig. S5) ; once again, these NOEs are consistent only with an anti-CC conformation. Also, two pairs of intermolecular salt bridges formed between Lys918 and Glu883 and between Arg922 and Glu888 further stabilize the intermolecular interaction between αB and αA as well as the orientations of the α-helices in the dimer. Removal of even part of the αB helix can seriously alter the anti-CC conformation of the Myo10 dimer and thus is expected to disrupt motor function (see Discussion for more details).
The anti-CC arrangement of Myo10 is highly unexpected and distinctly different from the parallel coiled coils observed in myosin II and myosin V (7, 8) . A parallel coiled-coil dimer naturally positions the two heads of a myosin dimer side-by-side, allowing them to walk in a hand-over-hand fashion on actin filaments. In contrast, the formation of an anti-CC dimer would position the two motor heads at opposite ends of the coiled coil, a unique arrangement among known motor proteins.
Anti-CC of Myo10 Is Highly Stable. An NMR-based amide exchange experiment showed that the backbone amides of the anti-CC (aa 883-934) are highly resistant to hydrogen/deuterium (H/D) exchange (Fig. S6A) , indicating the Myo10 anti-CC is highly stable and lacks even very slow time-scale conformational exchange, such as the exchange between antiparallel and parallel CC. A steady-state 1 H- 15 N NOE experiment also showed that the entire backbone of the anti-CC is highly rigid (Fig. S6B) .
We further note that the residues connecting the SAH and the anti-CC (aa 856-882) adopt a semirigid, helix-like structure. Although we were not able to obtain sequence-specific assignment of NMR signals for residues 856-882 due to extensive signal overlap, we could measure heteronuclear NOE values for more than 15 residues from this connection sequence (Fig. S6C) , which clearly indicates that the linker is partially structured. Their narrow chemical shift dispersion (Fig. S3) as well as many NOEs between amide protons (Fig. S6D) indicate that this linker likely adopts an α-helix like structure. The fast H/D-exchange rates of these amides suggest that this linker helix-like structure is semirigid (Fig. S6A) . Taken together, the above NMR-based experiments indicate that the predicted coiled-coil region of Myo10 consists of a rigid SAH and a highly stable anti-CC connected by a semirigid α-helix.
Anti-CC Is Essential for Myo10's Role in Filopodial Induction. We next tested the role of the anti-CC in Myo10-induced filopodial formation. Myo10 is well known for its processive movement within filopodia and filopodial induction activity. First, we quantified GFP-Myo10-positive filopodial tip puncta number in HeLa cells as an indication of the motor's processive movements along filopodia. We overexpressed the wild-type GFP-tagged tailless Myo10 ["Motor-CC(1-934)WT"], which terminates at the end of the dimerization domain. As shown in Fig. 4A1 , Motor-CC(1-934)WT is capable of forming puncta at the tips of filopodia. In sharp contrast, both the removal of the anti-CC and the singlepoint substitution mutations that disrupt anti-CC formation (the L893Q mutant and the K904A mutant shown in Fig. 3F ) lead to significant decreases in the filopodial tip puncta localization of Motor-CC(1-934) (Fig. 4 A2 and C1) . To further test the importance of the anti-CC for Myo10's function, we substituted the anti-CC part of Motor-CC(1-934) with GCN4, which can form a stable parallel coiled coil similar in length to the Myo10 anti-CC. This GCN4-substituted construct (Motor-SAH-GCN4) also decreased filopodial tip puncta localization (Fig. 4 A5 and C1) , indicating that anti-CC-mediated dimerization is critical for Myo10's processive movement and localization to the filopodial tip. This GCN4-substituted Myo10 head still showed significantly more filopodial tip puncta than anti-CC-disruption mutants, consistent with previous reports showing that the forced parallel coiled-coil dimerization of the Myo10 head can trigger filopodial tip localization (15, 21) . To further assay the anti-CC's function in Myo10-induced filopodial induction, we counted elongated filopodial numbers in both HeLa and COS7 cells using the GFPtagged full-length Myo10. In agreement with previously reported findings (22), inclusion of the tail domains of the motor tremendously increases filopodia tip puncta number and induces the formation of numerous elongated filopodia in transfected cells (Fig. 4 B1 and C2; Fig. S7 A3 and B2 ). Fully consistent with the observations made using the tailless motor constructs, the two single-point substitution mutants of the full-length Myo10 (the L893Q mutant and the K904A mutant) displayed diminished filopodial induction activity in both HeLa (Fig. 4 B2,  B3 , and C2) and COS7 (Fig. S7 A4, A5 , and B2) cells. Finally, replacing the anti-CC with the GCN4 parallel CC also compromised the filopodial induction activity of Myo10 (Fig. 4 B4 and  C2 ; Fig. S7 A6 and B2) . The tail cargo binding domains may enhance the filopodial induction activity of Myo10 by interacting with membranes or membrane-localized cargoes (23, 24). Alternatively, the binding of cargoes may further stabilize the dimer conformation of Myo10 (25) . Regardless of the precise mechanism, our results shown in Fig. 4 and Fig. S7 demonstrate that the anti-CC-mediated dimerization is required for Myo10's filopodial induction activity.
Discussion
The canonical walking model for myosins on actin filaments is based on the study of Myo5 (4) (5) (6) . In this model, small conformational changes in the ATP-binding pocket of the head domain are amplified to induce a large swing of the lever arm, which allows the motor to take ∼36-nm hand-over-hand steps along actin filaments. The formation of the stable parallel coiled-coil dimer by the stretch of residues right after the lever arm of Myo5 ensures that the two heads of the motor dimer are juxtaposed to the actin filament in parallel, with at least one head attached to the filament at any given time, and prevents the dissipation of the torque generated by the ATP hydrolysis. Thus, the formation of the parallel coiled-coil dimer is pivotal for the processive movement of Myo5. It is widely believed that similar parallel coiled-coil dimers are also formed in other myosins that contain predicted coiled coils after their lever arm domains. The discovery of the anti-CC dimer in Myo10 suggests a different walking model (Fig. 5 ). In this model, the anti-CC dimer forms a "shoulder" with a width of ∼5 nm (the width of this "shoulder" would be considerably smaller if the anti-CC fragment forms a parallel coiled-coil dimer). Two extended lever arms, each composed of a SAH and three IQ motifs, emanate from opposite sides of this "shoulder." Each lever arm is connected to the "shoulder" by a semirigid helix much like the human arm/shoulder joint (Fig. 5A) . This allows the two motor heads in the Myo10 dimer to bind to two parallel actin filaments simultaneously. The most salient implication of this anti-CCmediated Myo10 dimerization model is that the motor should be capable of walking on both single and bundled actin filaments (Fig. 5B) , which has been directly demonstrated by in vitro single-molecule-based stepping assays (16) . When walking on single actin filaments, Myo10 walked in the well-characterized hand-over-hand mode with a step size of ∼34 nm. On bundled actin filaments, the Myo10 dimer can walk either with two motor heads attached to different actin filaments in a straddled, ducklike manner or on a single filament of the bundle in the canonical hand-over-hand fashion (Fig. 5B) . As a result, when walking on bundled actin filaments, the average step size of Myo10 should be considerably smaller. Supporting our model, Goldman and colleagues have recently shown that the stepping behavior of Myo10 on bundled actin is consistent with two different walking modes, with step sizes of 34 and 18 nm (16), presumably corresponding to the hand-over-hand and straddled walking modes, respectively.
The straddled walking model of Myo10 proposed here has a number of implications. One possible advantage of Myo10's capability to walk on bundled actin filaments is that this would lower its chances of being obstructed by actin filament-decorating proteins during walking, allowing it to walk for long distances. Indeed, Myo10 has been shown to be able to walk for very long distances on bundled actin filaments (15), presumably due to the abundance of landing sites on actin filament bundles (i.e., by shortening the searching time of the motor head for binding to actin filaments; Fig. 5B) . Additionally, the straddled model implies that Myo10 is expected to be able to walk comfortably on actin bundles cross-linked by bundling proteins with different sizes (e.g., espin, fimbrin, and plastin). Finally, the straddled actin filament binding of Myo10 indicates that the motor itself may function as an actin filament bundling protein at the tips of filopodia and actively promote elongation of filopodia (21) .
Several recent papers by Rock and colleagues have suggested that Myo10 displays strong selectivity for bundled actin (17, 18) . This finding contradicts the findings of a recent study by Sun et al. (16) . Careful analysis of the Myo10 constructs used in these studies revealed that the two groups have used Myo10 constructs of slightly different lengths (Fig. S8A) . In single-molecule-based stepping assays, Myo10 dimerization must be enhanced by fusion of an additional dimerization domain to the end of the protein. Sun et al. (16) fused the dimer-enhancing coiled-coil domain of Myo5 at Ala939 of Myo10, well beyond the anti-CC dimerization domain of Myo10. Thus, the Myo5 coiled coil should enhance the dimerization of Myo10 without altering the dimer's anti-CC conformation. In the Nagy et al. studies (17, 18) , the parallel GCN4 coiled coil was fused to Leu920 of Myo10. Leu920 is in the middle of αB of the Myo10 anti-CC dimer, and the truncation of Myo10 and fusion of GCN4 at this residue is likely to Values are means ± SD from three independent experiments with 10 cells per experiment, using unpaired t test, *P < 0.05, *P < 0.01, ***P < 0.001. Also refer to Fig. S7 for data in COS7 cells. alter the structure of the Myo10 anti-CC dimer. To test this possibility, we investigated the structure of the Myo10 anti-CC/ GCN4 chimera used in the Rock et al. studies (residue 883-920 of Myo10 fused to GCN4) using NMR spectroscopy. We found that, although the chimera still dimerizes, the structure of the Myo10 part of the chimera is obviously different from that of the wild-type Myo10 (Fig. S8 B-D) . The observed chemical shift changes suggest some structural changes of the GCN4-substituted Myo10 anti-CC. Thus, we believe that the bundled actin selectivity of the Myo10 chimera shown in the Rock et al. studies is likely due to the conformational change of the anti-CC dimer induced by the GCN4 fusion. Nonetheless, the detailed single-molecule stepping assays performed in the Rock et al. studies have provided additional evidence, albeit from a different angle, supporting the critical role that the anti-CC plays in Myo10's processive movement along actin filaments (17, 18) .
In summary, we discovered that the predicted coiled-coil domain C-terminal to the lever arm domain of Myo10 forms a stable, anti-CC dimer. This anti-CC-mediated dimerization provides a mechanistic basis for the capability of Myo10 to walk on both single and bundled actin filaments for long distances. The unexpected dimerization mechanism discovered in Myo10 may also be relevant to other coiled-coil-containing myosins. Finally, the anti-CC-mediated dimerization mode of Myo10 provides hints for designing nano-scale molecular devices with desired functions.
Materials and Methods
Recombinant Myo10 anti-CC protein was expressed in Escherichia coli and purified by Ni 2+ -nitrilotriacetic acid affinity chromatography. The anti-CC structure was determined by NMR spectroscopy. The structure determination of Myo10 anti-CC was completed in a stepwise manner by first using definitive intermolecular NOEs. HeLa and COS7 cells were transiently transfected with a lipofectamine PLUS kit (Invitrogen) and imaged with a Nikon TE2000E inverted fluorescent microscope. An extended description of the materials and methods used can be found in SI Materials and Methods.
The atomic coordinates of Myo10 anti-CC have been deposited in the Protein Data Bank under PDB ID code 2LW9.
